Abstract: Plant height (PH) is an important agronomic trait affecting crop yield and quality. In this study, a soybean collection of 192 natural accessions and 1536 single nucleotide polymorphism (SNP) makers were used to identify genomic regions associated with PH. There is a large genetic variation in PH with a diverse panel. Three phenotypic indexes (PH measured at six stages, the conditional PH, and the relative growth rates of PH) were used to identify developmental behavior for PH in soybean. Six methods were used to minimize false-positive associations in association mapping, and finally the generalized linear model for principal component analysis had been used in this study. Three SNPs, BARC-040651-07807, BARC-030433-06867, and BARC-042475-08274, were highly significantly associated with PH in the final growing period, and two SNPs, BARC-038795-07333 and BARC-013749-01246, were connected with PH in the early growing period.
Introduction
Soybean [Glycine max (L.) Merr.] is an important crop as a major source of protein meal and edible oil in the world (Wilson 2004; Lee et al. 2015) . Plant height (PH) is an important agronomic trait for morphogenesis and yield formation in soybean (Lee et al. 1996; Zhang et al. 2004 ). There has always been important relationship between yield and PH in soybean breeding programs (Lee et al. 1996; Panthee et al. 2007) . Therefore, it is essential to study the genetic basis of PH to further increase yield.
Since the early 1990s, genetic linkage maps including molecular markers have been constructed gradually. The studies on mapping quantitative trait loci (QTL) associated with PH of soybean with restriction fragment length polymorphism (RFLP), amplified fragment length polymorphism (AFLP), or simple sequence repeat (SSR) markers were published (Orf et al. 1999; Zhang et al. 2004) . So far, more than 200 QTLs controlling PH have been reported across all 20 chromosomes in soybean (SoyBase, www.soybase.org); however, most of these genetic maps have some large gaps and incomplete genome coverage. The single nucleotide polymorphism (SNP) marker is a good addition to existing marker systems. Recently, Liu et al. (2013) and Lee et al. (2015) respectively used 313 and 1536 SNP markers to map QTL controlling PH in soybean. All mapping studies used a recombinant inbred line population, which is developed from a cross between two parents.
It is well-known that novel genes are in germplasm resources. For a segregating population, if there is the same allele at the same locus, the gene cannot be detected even though the effect is large. So, it is necessary to find novel genes in germplasm resources (Zhang 2006) . Association analysis has been a widely used method for germplasm resources, and is now developed to genome-wide association studies (GWAS). Zhang et al. (2015) conducted a GWAS for PH of soybean in a population consisting of 309 plant introductions with a high density of SNPs, but it is regrettable that they only reported the PH of soybean at maturity.
Many studies did not consider the developmental behavior of PH in soybean. In fact, PH is a suitable agronomic trait for evaluating other tolerance traits during plant growth as it is very easily measured throughout plant development . So, more and more studies considered PH as a dynamic trait and measured growth several times. Zhu (1995) developed a mixed model approach to analyze conditional genetic effects within the period (t − 1) to t and had been validly used for identifying a dynamic gene expression during development. Several studies on conditional genetic effects are reported for PH development in many crops, such as wheat Wu et al. 2010; Cui et al. 2011; Zhang et al. 2013) , rice (Yan et al. 1998; Cao et al. 2001) , soybean (Sun et al. 2006a (Sun et al. , 2006b , maize (Yan et al. 2003) , and rapeseed . Aanderud et al. (2003) proposed another new methodology that introduced relative growth rates (RGR) to evaluate dynamic traits. In this study, both methods will be used for GWAS of PH in a population consisting of 192 soybean accessions with 1536 SNPs.
Materials and Methods

Plant materials
In this study, 192 soybean accessions were used for association mapping, which originated from 26 different provinces and six ecological regions of soybean cultivation in the People's Republic of China (latitude 53°N to 24°N and longitude 134°E to 97°E) (Wang and Gai 2002) . The collection was initially examined by Wang et al. (2011) and also used to identify QTLs associated with other traits, such as yield (Hao et al. 2012) , seed shape (Hu et al. 2013) , phosphorus efficiency (Zhang et al. 2014b) , and protein content (Zhang et al. 2014a) . The above studies show that this collection is representative of the diverse genetic variation, so this association panel was selected for use in this study.
Field experiments
The field experiments were performed at the Maozhuang Experimental Station of Henan Agricultural University (34.8°N, 113.6°E), Zhengzhou, in 2011 (designated as E1) and 2013 (designated as E2). A randomized complete block design was used for all trials. All accessions were planted with two replications in two environments, each accession was planted in three rows per plot, each row was 200 cm long, and the row spacing was 50 cm.
Measurement of plant height
Plant height (from the surface of the soil to the tip of the plants) was measured firstly 20 d after sowing, then the measurement was conducted every 10 d until PH growth stopped. A total of five different time points were taken for measuring PH, which were designated as PH1 (stage 1: measured 20 d after sowing), PH2 (stage 2: measured 30 d after sowing), PH3 (stage 3: measured 40 d after sowing), PH4 (stage 4: measured 50 d after sowing), and PH5 (stage 5: measured 60 d after sowing), respectively. The final measurement of PH was taken at the mature period, which was designated as PH6 (stage 6: measured at maturity). The average of PH in two environments was used in data analysis.
Genotyping construction
The 192 soybean landraces used in this study were genotyped with 1536 SNPs by Hao et al. (2012) , which was performed on the Illumina BeadLab system (Illumina, San Diego, CA) at the National Engineering Center for Biochip (Shanghai, People's Republic of China). In addition, 1142 of the 1536 SNPs with minor allele frequencies (MAFs) ≥10% (Hao et al. 2012 ) and 1298 of the 1536 SNPs with MAFs lower ≥5% (Zhang et al. 2014a ) have been considered in detail. In this study, SNPs with MAFs <5% were excluded. The average spacing between markers was approximately 0.77 Mb. The population structure had been tested by the program Structure V2.3.2 (Pritchard et al. 2000) in previous work (Hao et al. 2012; Zhang et al. 2014a) , where the ad hoc quantity (Δk) showed a much higher likelihood at k = 2 than at k = 3-10 ( Evanno et al. 2005) . So the corresponding Q matrix at k = 2 was used for the following GWAS. The pairwise relatedness coefficients (K, kinship matrix) were calculated by the Tassel software (Bradbury et al. 2007 ).
Phenotypic data analysis
All the phenotypic data across the two environments was conducted using SAS software version 9.0 (SAS Institute, Inc., Cary, NC). All phenotypic data were subjected to analysis of variance (ANOVA) using PROC GLM. The linear statistical model includes the effects of genotype, environment, and the environment × genotype interaction to compare differences in the means of traits of each accession across two environments. The broad-sense heritability (h 2 ) was estimated as
, where h 2 is broad-sense heritability, V g is genetic variance, V e is environmental variance, and e is the number of environments. For conditional analysis, the phenotypic data at six stages was analyzed with QGAStation software proposed by Zhu (1995) . PH2|PH1 indicates the time interval from the stage 1 of plant growth to stage 2 (i.e., period 1), PH3|PH2 indicates the time interval from stage 2 to stage 3 (i.e., period 2), and so on.
For the RGR, the phenotypic data at six stages was estimated using the formula (Aanderud et al. 2003 
, where t1 and t2 were the times when PH1 and PH2 was measured; RGR2 = [ln(PH3) − ln(PH2)]/(t3 − t2), where t2 and t3 were the times when PH2 and PH3 was measured; and so on for RGR3, RGR4, and RGR5.
Association analysis
In this study, marker-trait association analysis was performed by GLM in Tassel software version 4.0 (Bradbury et al. 2007) . Six statistical models were evaluated to seek an appropriate method: (1) GLM without considering Q and K; (2) GLM considering Q, in which the Q matrix was included as a cofactor in the regression model to correct population structure; (3) GLM considering PCA, in which the PCA matrix was included as a cofactor in the regression model to correct population structure; (4) the mixed linear model (MLM) considering K, which considers kinship as cofactors; (5) MLM considering Q and K, which considers both population structure and kinship as cofactors; and (6) MLM considering PCA and K, which considers both population structure and kinship as cofactors. According to the quantile-quantile (Q-Q) plot from the output of Tassel 4.0 (Bradbury et al. 2007 ), GLM considering PCA was appropriate for the present study. Markers were defined as significantly associated with traits based on the Bonferroni threshold (P ≤ 1/1298 = 7.7e − 04, −logP ≥ 3.11).
Results
Phenotypic variation analysis of PH
All the phenotypic variation analysis of PH in the six stages is shown in Table 1 . The mean PH for the individual accessions in the natural population ranged from 6 to 310 cm, and the maximum value for PH was approximately 50 times the minimum value (Table 1 ). The PH reached 310 cm in the mature period, and one soybean accession had a PH of only 6 cm in the first period. At the 0.01 probability level, ANOVA revealed that the genotype factor was significant for PH at all six stages, and the environmental factor was significant for PH at the first five stages, but was not significant in the mature period (Table 1 ). The genotype × environmental interaction effects were not significant at the first five stages but were significant in the mature period. Therefore, it is not needed to consider genotype × environmental interaction effects in association mapping. The broad-sense heritability for PH was from 90.82%-95.41% and the population structure can explain 2.80%-7.93% of the phenotypic variation for PH at the six stages, respectively (Table 1) . Overall, PH clearly displayed very high genetic diversity, which is worthwhile to study.
Genome wide association analysis
Six models were used in the association mapping analysis. As shown in the Q-Q plots (Fig. 1) , GLM considering PCA was significantly better than the other models in reducing the effect of population structure on soybean PH. , percentage of phenotypic variation explained by population structure; PH1-PH6, PH1-PH5 were the plant height measured 20, 30, 40, 50, and 60 d after sowing, respectively, and PH6 was measured at maturity; S, significant at P < 0.01; NS, not significant.
In addition, the P values from GLM considering PCA were close to the expected values, so this model is suitable for association analysis. Thus, we conducted GWAS for soybean PH with GLM considering PCA to correct for population structure and genetic relatedness using 1298 SNPs.
For the results of genome-wide association mapping of PH at two locations, some significant SNPs were detected only in a specific environment. We only collated the SNPs associated with the PH in all two environments. In total 30 SNPs associated with PH have been identified at the Bonferroni-adjusted significance threshold (P ≤ 7.7e − 04 or −logP ≥ 3.11). The results are shown in Table 2 . There are seven SNPs associated with primordial PH at one or more stages. Three of them are only detected in the mature period and one of them is only detected in the first stage. The rest of the three SNPs have been detected in four stages: one is in the first four stages, one is in the first three stages and the fifth stage, and another is between the second to fifth stages. For the result of RGR as shown in Table 2 , ten SNPs have been detected, and each stage has been associated with three SNPs except the second and third stage. For the RGR of the second stage (RGR2), there is only one SNP detected with it, and the RGR of the third stage (RGR3) has no SNP associated with it. For the result of conditional PH as shown in Table 2 , 21 SNPs have been detected in five growth periods. Five of them were only identified in the fifth period (PH6|PH5). Only one of them was identified in the third period (PH4|PH3), and two of them were identified in the first period (PH2| PH1). 13 SNPs had been identified in the second period (PH3|PH2). Also, four or five of these SNPs were in the same chromosome. Fig. 1 . Quantile-quantile (Q-Q) plots of estimated −log 10 (P). Q-Q plots for marker-trait association analysis across two environments for PH in the six stages are shown using six models: (a) GLM; (b) the Q model; (c) the PCA model; (d) the K model; (e) the Q + K model; and (f) the PCA + K model. The black line is the expected line under a null distribution. The observed P values are indicated in 12 colors for PH1-PH6 in E1 and E2. The horizontal dashed line indicates the significance threshold of −log 10 (P) ≥ 3.11. [Colour online.] From the above result, we also find some SNPs identified by two or more methods. Two SNPs, BARC-040651-07807 and BARC-030433-06867, were identified in the last period for primordial PH, the RGR of PH, and conditional PH. BARC-042475-08274 was only identified in the last period for primordial PH and conditional PH. So we can suppose that the above three SNPs, BARC-040651-07807, BARC-030433-06867, and BARC-042475-08274, were connected with PH growth in the final period. BARC-038795-07333 was identified for primordial PH in stages 1-3 and the RGR of PH in RGR2. BARC-013749-01246 was identified for conditional PH in PH3|PH2 and the RGR of PH in RGR2. So we can see that BARC-038795-07333 and BARC-013749-01246 were connected with PH growth in the early period.
Allelic effects of the associated SNPs on PH
Based on marker polymorphisms, the distribution of PH was examined in 192 soybean accessions based on five stable markers: BARC-040651-07807, BARC-030433-06867, BARC-042475-08274, BARC-038795-07333, and BARC-013749-01246 (Fig. 2) . The significant SNPs BARC-040651-07807, BARC-030433-06867, and BARC-042475-08274 were associated with PH growth in the final period, and we used the conditional PH in the final period (PH6|PH5) to analyse the allelic effects. The significant SNPs BARC-038795-07333 and BARC-013749-01246 were associated with PH growth in the early period and we used conditional PH in the early period (PH3|PH2) to analyze the allelic effects. The significant SNP BARC-040651-07807 was identified in 120 A-type and 72 T-type soybean accessions (Fig. 2a) . The PH6|PH5 of T-type soybean accessions was significantly higher than that of A-type soybean accessions (t test, P < 0.05), with an average increase of 5.4 cm per allele. For the significant SNP BARC-030433-06867, a comparison of the PH6|PH5 of 144 A-type and 44 G-type soybean accessions demonstrated that the G-type accessions have a higher Mansur et al. (1993b Mansur et al. ( , 1996 , Lee et al. (1996) , Lark et al. (1995) Orf et al. (1999) , Mansur et al. (1993a) Note: -, none.
PH6|PH5 than the A-type accessions, with an average increase of 12.9 cm per allele (Fig. 2b) . A comparison of the PH6|PH5 of 103 A-type and 85 G-type soybean accessions genotyped at BARC-042475-08274 demonstrated that the PH6|PH5 of G-type accessions was increased by 7.7 cm compared with that of the A-type accessions (Fig. 2c) . For the significant SNP BARC-040651-07807, which was associated with PH3|PH2, T-type accessions (72 accessions) showed higher PH3|PH2 than A-type accessions (120 accessions) (Fig. 2d) . A comparison of the PH3|PH2 of 101 A-type and 91 G-type soybean accessions genotyped at BARC-042475-08274 demonstrated that the PH3|PH2 of G-type accessions was higher than that of the A-type accessions (Fig. 2e) . These results confirmed that these loci might be responsible for the genetic variation in PH between genotypes.
Discussion
Because of technological reasons, most previous studies utilized RFLP, AFLP, or SSR markers. The numbers of markers used in some studies had low resolution genetic maps which were not high enough for precise determination of genomic locations of QTL, and the molecular marker and QTL were not tightly linked for marker-assisted selection (MAS) with a high level of confidence. The SNP marker system is a better choice as the most efficient and favored molecular markers for MAS in most plant species (Lee et al. 2015) . In this study, 1536 SNPs were used for association mapping. In addition, the 192 soybean landrace used in this study showed relatively high genetic diversity (Hao et al. 2012) . Of course, the natural population essentially has a higher genetic diversity than a segregated population.
Because many QTLs associated with PH have been previously reported, some of the QTLs detected in this study also have been reported (Table 2) . Based on our online literature search and QTL listed in SoyBase (http://www.soybase.org/, accessed August 2016), 15 previously reported QTLs and 15 novel QTLs were identified in this study (Table 2) . For the SNPs connected with PH growth in the final period, BARC-030433-06867 was in the genomic region which has been reported by Lee et al. (1996) . BARC-040651-07807 and BARC-042475-08274 were declared novel in the present study, in case it was not found in previous studies. There was a particular SNP, BARC-028567-05954, which was only identified in the last period for the RGR of PH in RGR5 and conditional PH6|PH5, that has been reported in two studies (Lark et al. 1995; Mansur et al. 1996) . Therefore, BARC-028567-05954 may be another important SNP for PH growth in the final period. For the SNPs connected with PH growth in the early period, BARC-038795-07333 was in the genomic region that had been reported by Sun et al. (2006a Sun et al. ( , 2006b ). BARC-013749-01246 was not found in previously reports, but there was another SNP, BARC-042947-08472, that was close to BARC-013749-01246 that had been reported previously ).
The main purpose of this study was to identify the developmental behavior of soybean plant height. Most of the related studies had focused on the final PH, while the developmental behavior of soybean PH often gets overlooked. In this study, PH measured in six stages (i.e., PH1-PH6), the conditional PH denoted by PH2|PH1 to PH6|PH5, and the RGR of PH written as RGR1-RGR5 have been used to do the research. In fact, the conditional PH and the RGR could reveal the developmental behavior of soybean PH better, especially as conditional PH is widely used in other crops such as wheat and maize. Relative growth rate had not been widely used, but it is a nice index to reflect the soybean growth situation. In this study, the conditional PH and the RGR of PH had very similar results. For example, BARC-013749-01246 was identified for the conditional PH in PH3|PH2 and RGR of PH in RGR2.
For conditional PH, there were two loci that had more than one SNP connected with the conditional PH of PH3| PH2. Future studies could search for the accurate locus by fine mapping. Moreover, it could be found that most SNPs associated with conditional PH were identified in the second period (PH3|PH2) and final period (PH6|PH5), suggesting perhaps that the second period, which is 30-40 d after sowing, is the main growth period and the PH of soybean is growing fastest in this period. There was not an applicable method to consider the gene interactions, so we only identified the SNPs associated with PH in this study. We believe that new methods will be proposed to solve the problem in the immediate future. Then we can consider the gene interaction for soybean PH, perhaps even the gene network controlling PH.
